Aim: Echo-planar imaging is a common technique used in functional magnetic resonance imaging (fMRI); however, it suffers from image distortion and signal loss because of large susceptibility effects that are related to the phase-encoding direction of the scan. Despite this relation, the majority of neuroimaging studies has not considered the influence of phase-encoding direction. Here, we aimed to clarify how phase-encoding direction can affect the outcome of an fMRI connectivity study of schizophrenia (SCZ).
certain direction to obtain the location of a signal using the signal phase. PE direction is known to significantly impact susceptibility-induced distortion and signal loss, and its effect is large in the OFC and ITG.
6,7 Figure 1 shows two EPI images with opposite PE directions in the same subject. The A-P image is acquired with the PE direction from anterior to posterior, and the P-A image is acquired from the posterior to the anterior direction. The A-P image shows greater signal loss in the OFC and ITG compared with the P-A image. In contrast, the P-A image shows greater signal loss at the frontal pole than the A-P image. Thus, different PE directions produce significantly different image acquisition results.
Neuroimaging studies have reported functional abnormalities in psychiatric disorders, such as schizophrenia (SCZ), 8, 9 major depressive disorder, 10 bipolar disorder, 8, 11 and obsessive-compulsive disorder. 12 SCZ is one of the most intensively studied psychiatric disorders, and several different types of analyses have been used for resting-state functional magnetic resonance imaging (rsfMRI). Lynall et al. 13 reported that functional connectivity (FC) was lower in the medial parietal, premotor, and cingulate cortices and in the right OFC of patients with SCZ than in healthy controls (HC). Similarly, a seedbased study reported lower FC in the ventromedial prefrontal cortex, posterior cingulate cortex, occipital fusiform gyrus, 14 and left temporoparietal junction (TPJ) 15 in SCZ. Using independent component analysis (ICA), several studies reported that patients with SCZ exhibited lower FC within representative resting-state networks, such as the default mode network, [16] [17] [18] [19] frontoparietal network, 16, 20 and salience network. 18, 19 Further, a meta-analysis of seed-based rsfMRI studies revealed that FC was lower in the default mode network, salience network, thalamus network, and somatosensory networks of people with SCZ. 21 Although the areas in which lower FC was reported in SCZ are close to those that can be affected by PE direction, the majority of studies did not report PE direction. To clarify how PE direction can influence the outcome of group studies of neuropsychiatric disorders, we performed rsfMRI imaging of patients with SCZ and matched HC using both phase-encoding directions (i.e., anterior to posterior [A-P] and posterior to anterior [P-A]), and investigated whether the group comparison was affected by PE direction. We used (Montreal Neurological Institute coordinate). The A-P image shows greater signal loss in the orbitofrontal cortex and the inferior temporal gyrus than the P-A image. The P-A image shows greater signal loss at the frontal pole than the A-P image.
ICA because it is one of the most frequently used methods for analyzing rsfMRI data and because it can concisely and exhaustively identify the effect that PE direction has on each representative restingstate network.
METHODS Participants
Twenty-five patients with SCZ and 37 age-and sexmatched HC were recruited at Kyoto University Hospital. Demographic details are shown in Table 1 . A diagnosis of SCZ was confirmed using the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID), 22 and included SCZ, schizoaffective disorder, and schizophreniform disorder. Patients with SCZ were not comorbid with any other axis I psychiatric disorder. All patients were medicated with antipsychotics. The Positive and Negative Syndrome Scale (PANSS) was used to rate current symptom severity. 23 As the PANSS is reported to have five symptom dimensions, we used a five-factor model. 24 HC participants were recruited by local advertisements and word of mouth. HC had no history of psychiatric illness or substance abuse and no history of psychotic disorders among their firstdegree relatives. Exclusion criteria for participants included a history of head trauma, neurological illness, and serious medical or surgical illness. After receiving a complete description of the study, all participants gave their written informed consent. The study design was approved by the Committee on Medical Ethics of Kyoto University, and the experimental protocols were in accordance with the provisions of the Declaration of Helsinki.
MRI acquisition
MRI data were acquired using a 3T Siemens Trio Tim (Siemens Healthcare, Erlangen, Germany) equipped with a 32-channel phased-array head coil. T1-weighted structural images were acquired using the following magnetization-prepared rapid gradient-echo sequence parameters: repetition time 
Preprocessing of MRI data
Structural data were corrected for signal inhomogeneity, and then skull stripped. All rsfMRI data were preprocessed using FSL 25 version 5.0.8, on the same Apple MacPro workstation (Apple Inc., Cupertino, CA, USA). Preprocessing steps included motion correction using FSL's FLIRT algorithm, [26] [27] [28] EPI distortion correction using FSL's FUGUE algorithm (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FUGUE) on the fieldmap images that were created from the B0 maps, spatial smoothing using a Gaussian kernel with a full-width-at-half-maximum of 6 mm, and high-pass temporal filtering (128 s). Normalization of rsfMRI data to the Montreal Neurological Institute (MNI)-152 standard space was performed by first linearly registering each participant's rsfMRI data to their structural data using FLIRT. Structural data were then non-linearly registered to MNI-152 space using FSL's FNIRT, 29 and registration transforms were finally combined and used to normalize rsfMRI data into MNI-152 space. Final normalized rsfMRI data were resampled into 2-mm isotropic cubic voxels.
ICA
Group ICA was performed using FSL's Multivariate Exploratory Linear Optimized Decomposition into Independent Components (MELODIC) program. 30 Spatial ICA was performed after temporal concatenation of all rsfMRI data in the following order: A-P for the HC group, P-A for the HC group, A-P for the SCZ group, and P-A for the SCZ group. Independent components (IC) were estimated using a Gaussian/Gamma mixture-model-based inference of component maps by maximizing non-Gaussian sources. The threshold for IC maps was P > 0.5 using alternative hypothesis testing. Voxelwise variance-normalization was applied. The number of IC was estimated automatically using Laplace approximation to the Bayesian evidence of the model order, and resulted in 60. We selected 45 IC, more than 70% of whose voxels were within a gray matter mask, which was created by thresholding the gray matter probability map in SPM8 (http://www. fil.ion.ucl.ac.uk/spm/software/) at 0.2.
FC analysis
For the FC analysis, we used FSL's Dual Regression. 31, 32 For each participant, preprocessed rsfMRI data for the A-P and P-A directions were first spatially regressed using group IC maps created by MELODIC, which produced participant-specific time courses for each IC. Next, each rsfMRI dataset was regressed again, using the participant-specific time courses created by the first step. This resulted in participant-specific spatial maps for each IC. These participant-specific maps were then used for group comparisons.
We tested the following three group comparisons: (i) A-P > P-A and P-A > A-P for all participants (HC and SCZ groups combined); (ii) HC > SCZ and SCZ > HC separately for each PE direction (A-P and P-A datasets); and (iii) the interaction between diagnosis and PE direction.
We performed paired t-tests for (i), two-sample ttests for (ii), and a split-plot analysis of variance (ANOVA) design for (iii). For (iii), we conducted a two-way ANOVA based on the partitioned error model involving between-and within-participant factors with the following procedure: first we made difference images by calculating the difference between A-P and P-A for each subject. Next, we performed a two-sample t-test between the HC and SCZ groups using the difference images to test for an interaction between diagnosis and PE direction.
Statistical analysis was restricted to the overlap between each IC and the gray matter mask. The effects of age and sex were controlled as covariates. In addition, we added a column (A-P/P-A) to account for the phase-encoding difference. Nonparametric permutation inference was performed with FSL's Randomise 33 and the number of iterations was set at 10 000. Multiple comparisons were corrected using threshold-free cluster enhancement. The statistical significance level was set at P < 0.025
The Authors Psychiatry and Clinical Neurosciences © 2018 Japanese Society of Psychiatry and Neurology (i.e., P < 0.05 divided by two contrasts) with familywise error correction. The results were displayed in FSLView (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FslVie w) and the anatomical location was determined according to the Harvard-Oxford Cortical and Subcortical Structural Atlases.
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RESULTS
A-P versus P-A Figure 2 shows the difference in FC between A-P imaging and P-A imaging. Compared with the opposite direction, A-P imaging estimated greater FC in the anterior cingulate cortex, medial prefrontal cortex, medial OFC, subcallosal cortex, thalamus, posterior middle temporal gyrus, and TPJ. Compared with the A-P direction, P-A estimated greater FC in the temporal pole, anterior middle temporal gyrus, lateral OFC, fusiform gyrus, cuneal cortex, and lingual cortex.
SCZ versus HC
The results of the SCZ-versus-HC comparison can be seen in Figure 3 . For the A-P direction, FC was significantly lower in the SCZ group than in the HC group (Fig. 3a) . Specifically, patients with SCZ exhibited significantly lower FC in the bilateral thalamus, left fusiform gyrus, right opercular cortex, and right lateral occipital cortex. We found no significant clusters in which FC was higher in the SCZ group.
Similarly, FC was significantly lower in the SCZ group than in the HC group for the P-A direction (Fig. 3b) . Specifically, patients with SCZ exhibited significantly lower FC in the bilateral thalamus, occipital pole, bilateral cuneal cortex, right lingual gyrus, and left fusiform gyrus. We found no significant clusters in which the FC was higher in the SCZ group. Figure 4 shows the interaction between participant group and PE direction. We found that the degree to which FC was lower in the SCZ group differed significantly in the left fusiform gyrus and left TPJ depending on PE direction. Specifically, the difference was greater for P-A imaging than for A-P imaging.
Interaction between diagnosis and PE direction
DISCUSSION
To the best of our knowledge, this is the first study to examine the effect of PE direction on an rsfMRI analysis of a neuropsychiatric disorder.
First, as expected, FC estimation differed significantly between A-P and P-A EPI directions. Previous studies have shown that signal loss differs in the OFC and ITG when PE direction changes. 6, 7 As shown in Figure 1 , the difference in signal loss between the A-P and P-A directions might also have some influence on the current results. However, our results show that differences in FC estimation cover a more extensive area than that for signal loss, indicating that the effect of PE direction on FC estimation is widespread. Thus, when reporting the results of an rsfMRI experiment, researchers should consider reporting the PE direction that they use.
Second, we observed overall lower FC in SCZ regardless of the PE direction. As specific results varied across previous studies, not all of our results are consistent with those reported in the published work. As shown in Figure 3 , the regions in which FC © 2018 The Authors Psychiatry and Clinical Neurosciences © 2018 Japanese Society of Psychiatry and Neurology was lower in those with SCZ varied with PE direction. Nevertheless, FC was lower in both the thalamus and left fusiform gyrus for both PE directions. The variability between previous rsfMRI studies might thus be partially related to our finding that different PE directions resulted in both shared and unshared areas of low FC. This can be an important point of view even in a meta-analysis.
Finally, we investigated the interaction between participant group (diagnosis) and PE direction. We found that the P-A direction estimated greater FC reduction (relative to controls) in the left TPJ and left fusiform gyrus than the A-P direction. The left TPJ is associated with auditory verbal hallucinations in a number of studies, [38] [39] [40] and transcranial directcurrent stimulation has been reported to reduce both auditory verbal hallucinations and FC in the left TPJ. 41 Although few studies have investigated the fusiform gyrus in SCZ, one other study has revealed lower FC in this region.
14 Future studies of these areas might benefit from careful choice of PE direction because of the increased sensitivity to group differences.
There are several limitations to this study. First, in addition to ICA, we did not use seed-based analysis (SBA), which is another major approach for rsfMRI. ICA is suitable for investigating connectivity of large-scale networks, while SBA examines FC between two small regions. These two methods are complementary and future studies that use SBA would be informative. Second, we corrected for multiple comparisons of spaces and contrasts, but not for the number of IC. We made this choice to draw a rough sketch from the relatively small number of participants and the large number of IC. Therefore, our results need to be interpreted cautiously. Third, we only used data that had been corrected for fieldmap, and thus cannot definitively say that the results can be extrapolated for uncorrected data. Togo et al. 42 reported that fieldmap correction improves the statistical power of detection in FC analysis by improving the accuracy of registration. Based on these findings, the authors recommend the use of fieldmap correction in rsfMRI data analysis. 42 If the registration of each subject's data becomes more accurate, the influence of image distortion due to the difference in PE direction would be expected to become smaller. Therefore, fieldmap correction is also recommended from the perspective of PE direction. However, it can be difficult to perform fieldmap correction because of practical issues, such as the scanning time limit and technical difficulties. In such cases, it is necessary to carefully interpret the results, paying attention to regions in which © 2018 The Authors Psychiatry and Clinical Neurosciences © 2018 Japanese Society of Psychiatry and Neurology distortion and signal losses are likely to occur in the A-P and P-A directions.
In conclusion, the current study revealed that FC estimation might be influenced by PE direction. Inconsistency among previous FC studies on SCZ could be related to differences in the PE direction that the studies employed. Appropriate selection and notation of PE direction is therefore important for future rsfMRI studies.
